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[CpM(CO),Cl] complexes with M = Fe (n = 2) and Mo (n =
3) have been immobilised in plain B-cyclodextrin (f-CD) and
permethylated B-CD (TRIMEB) by methods tailored accord-
ing to the stabilities and solubilities of the individual compo-
nents. Four adducts were obtained with a 1:1 host/guest stoi-
chiometry. The compounds were studied by powder X-ray
diffraction (XRD), thermogravimetric analysis (TGA), *C{'H}
CP/MAS NMR and FTIR spectroscopy. A comparison of the
experimental powder XRD data for the TRIMEB/[CpMo-
(CO)3Cl] inclusion compound with reference patterns re-

vealed that the crystal packing is very similar to that reported
previously for a TRIMEB/ethyl laurate inclusion compound.
The unit-cell parameters refined to a = 14.731, b = 22.476, ¢
= 27.714 A (volume = 9176.3 A3), and the space group was
confirmed as P2,2,2,. A hypothetical structural model of the
inclusion compound was subsequently obtained by global
optimisation using simulated annealing.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Cyclodextrins (CDs) are water-soluble cyclic oligosac-
charides that are capable of forming inclusion compounds
with a wide range of organic molecules, inorganic ions and
metallo-organic species.'! Suitable guests include transition
metal complexes and organometallic compounds bearing
hydrophobic ligands such as cyclopentadienyl (Cp = n°-
CsHs) and n-arene groups.”) With these ligands, the
weaker categories of non-covalent bonding, such as van der
Waals and charge-transfer interactions, assume consider-
able importance. CDs are known to bind ferrocene and its
derivatives,®] metallocene dihalides,! aromatic ruthenium
complexes,’” mixed-sandwich complexes such as [(n°-
CsHs)Fe(n%-C¢Hg)](PF¢),[! and half-sandwich complexes
such as [CpFe(CO),X] (X = Cl, Me, CN),[ [CpFe(CO),-
NH;](PFe),®l  [CpMn(CO);L,PT  [(°-CsHg)Cr(CO)5], M
[Cp'Mo(n*-C3Hs)(CO),L!' [Cp'Mo(n*-CsH7)(CO),] and
[Cp"Mo(n*-CsHg)(CO),I(BF,) (Cp’ = Cp, Ind)."*l Encap-
sulated metallo-organic complexes often exhibit markedly
different physical and chemical characteristics compared to
the bulk material, for example in their nonlinear optical
properties,!'3 electrochemical behaviour,3%-323:3:141 [igand
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substitution/insertion reactions,’*7% and catalysis.'>! In the
present work, we describe the synthesis and solid-state char-
acterisation of inclusion compounds formed between the
cyclopentadienyl metal carbonyl complexes [CpFe(CO),Cl]
(1) and [CpMo(CO);Cl] (2) (Figure 1) and unmodified B-
cyclodextrin and 2,3,6-tri-O-methyl-B-CD (TRIMEB). The
encapsulation of the tricarbonylmolybdenum complex is of
particular interest because this molecule is a precursor to
the dioxomolybdenum(vi) complex [CpMoO,Cl], which has
been shown to be a very effective catalyst for the epoxid-
ation of olefins using terz-butyl hydroperoxide as the oxidis-
ing agent.['®]
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Figure 1. Guests and hosts used in this work.

Among the organometallic—cyclodextrin inclusion com-
pounds described in the literature, only a few have been
successfully characterised by single-crystal X-ray diffrac-
tion, 1335361 mainly because of the difficulty in preparing
crystals of appropriate size that exhibit stability under the
X-ray beam over the period of data collection. Useful struc-
tural information can, however, be obtained through a com-
bination of other techniques such as powder XRD and
NMR spectroscopy.!7191 In particular, Caira described a
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few years ago a reliable empirical technique based on the
visual comparison of X-ray powder patterns, which can al-
most unambiguously identify the type of crystal-packing
arrangement of CD molecules in a typical host-guest in-
clusion compound.l'”! This method can be envisaged as a
“manual” (in some cases not very effective) direct-space ap-
proach to finding a hypothetical structural model. Even
though it gives a rather reasonable first approach, this tech-
nique is also limited in its essence as it cannot explore all
of the possible combinations in direct space. In this paper,
we use conventional powder X-ray data, in combination
with the technique proposed by Caira, to produce a hypo-
thetical structural model of the inclusion compound
TRIMEB-[CpMo(CO);Cl], obtained by global optimisation
using simulated annealing. The calculations were performed
using the recently developed FOX program,?%-2!1 which has
proven to be a reliable, fast and robust software package
for the solution of many different types of compounds.!?>-2¢
This kind of ab initio model idealisation is unusual among
compounds typically composed of light atoms (such as car-
bon, hydrogen and oxygen), and, to the best of our knowl-
edge, is completely unprecedented among cyclodextrin in-
clusion compounds.

Results and Discussion

The relative solubilities of B-CD, TRIMEB, and the com-
plexes [CpFe(CO),CI] (1) and [CpMo(CO);Cl] (2) deter-
mined the method used for the preparation of the respective
inclusion compounds. An initial CD/complex molar ratio
of 1:1 was always used. The iron complex 1 is slightly water
soluble, and so the encapsulations were carried out using a
mixture of water and ethanol. The compound -
CD-[CpFe(CO),Cl1] (3) precipitated as an orange microcrys-
talline solid upon slow cooling of a hot water/ethanol solu-
tion. The high solubility of the modified cyclodextrin
TRIMEB meant that the corresponding adduct,
TRIMEB-[CpFe(CO),Cl] (4), could only be isolated by
complete evaporation of the solvents. For the molybdenum
complex 2, dichloromethane had to be used to solubilise
the guest. B-CD inclusion was achieved by mixing a dichlo-
romethane solution of 2 with an aqueous solution of B-CD.
After stirring at 40 °C for 2 h, a microcrystalline brick-red
precipitate formed at the interface between the two solu-
tions, designated as B-CD:[CpMo(CO);Cl] (5). Inclusion
of the molybdenum complex 2 in TRIMEB was performed
by dissolving the guest in a dichloromethane solution
of the host followed by vacuum-drying to isolate
TRIMEB-[CpMo(CO);Cl] (6). This uncommon technique
works particularly well for the methylated cyclodextrin
TRIMEB due to its high solubility in organic solvents. In
fact, the same method has been successfully used by some
of us in previous work.>”1 Elemental analysis of compounds
3-6 confirmed that the final host/guest molar ratios were
close to 1:1.

X-ray diffraction studies allow the identification of true
inclusion complexes of cyclodextrins, mainly based on the
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empirical evidence that the powder XRD patterns of these
complexes should be clearly distinct from those obtained by
the superimposition of the diffractograms of each individ-
ual component.['”! Figure 2 shows the patterns for com-
plexes 1 and 2, B-CD, and the adducts 3 and 5. The dif-
fractograms for the adducts are clearly different from the
sum of the individual patterns of B-CD and either the iron
complex 1 or the molybdenum complex 2. For compound
3, the overall pattern matches reasonably well with the ref-
erence pattern reported by Caira for the isostructural series
characterised by channel-type packing of B-CD dimers (C,
space group).['”l This type of packing has been previously
identified in several B-CD inclusion complexes of organo-
metallic molecules, such as ferrocene derivatives,*! mixed-
sandwich complexes,[® and half-sandwich molybdenum car-
bonyl complexes.['!:121 Most of the reflections in the powder
XRD pattern of compound 5 match those present in the
corresponding pattern for the parent -CD hydrate, even
though substantial changes in relative intensities are mark-
edly visible along with some slight displacements in the 20
values. The reflection centred at about 4.5° 20 is characteris-
tic of cage-type packing, as observed for B-CD hydrate or
B-CD inclusion complexes of relatively small guests.[!”) The
existence of this type of crystal packing for compound 5
would therefore be surprising, although it is known that a
molecule at least as large as benzyl alcohol can be accom-
modated by the host without a change in the packing ar-
rangement.!'”]
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Figure 2. Powder XRD patterns of (a) B-CD hydrate, (b)
[CpFe(CO),CI] (1), (c) the inclusion compound B-CD-[CpFe-
(CO),CI] (3), (d) a channel model,l'! (e) [CpMo(CO);Cl] (2) and
(f) the inclusion compound B-CD-[CpMo(CO);Cl] (5).
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Figure 3 shows the powder XRD patterns for complexes
1 and 2, TRIMEB, and adducts 4 and 6. Compound 4 is
poorly crystalline, making it difficult to deduce the type of
crystal packing arrangement. Nevertheless, a comparison of
this pattern with those for the iron complex 1 and the par-
ent TRIMEB indicates that a true inclusion compound has
been isolated. The adduct TRIMEB:[CpMo(CO);Cl] (6) ex-
hibits a better defined diffractogram, which could also be
attributed to a new phase corresponding to a true inclusion
compound. A careful inspection of this pattern suggests
that the crystal packing should share close similarities with
that found by Mentzafos et al. for a 1:1 inclusion com-
pound comprising TRIMEB and ethyl laurate (in which the
macrocycles are arranged along the b axis in a zigzag
mode to form a distorted column structure).?8) This al-
lowed us to perform a more in-depth structural evaluation
using ab initio calculations. As typically observed for
this type of compounds, the overall crystallinity of
TRIMEB-[CpMo(CO);Cl] (6) is low due to structural ori-
entation disorder of the host and/or the guest molecules,
and the existence of several solvent molecules also highly
affected by thermal disorder. Compound 6 diffracts very
weakly at high angles and the diffractogram is generally
characterised by poorly resolved lines (with large full-
width-at-half-maximum). This creates, a priori, several
limitations for a typical ab initio structural determination,
and several approximations based on empirical evidence
had to be taken into account (see below).
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Figure 3. Powder XRD patterns of (a) TRIMEB, (b) [CpFe-
(CO),CI] (1), (c) the inclusion compound TRIMEB-[CpFe(CO),Cl]
4), (d) [CpMo(CO);Cl] (2) and (e) the inclusion compound
TRIMEB-[CpMo(CO);Cl] (6).

1664

www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The ab initio determination of a hypothetical structural
model for the inclusion compound TRIMEB:[CpMo-
(CO);C1] (6) started by comparing the experimental data
with the TRIMEB/ethyl laurate model compound, which
has the Cambridge Structural Database (CSD)?%-3% refcode
PINMAA [crystal data: a = 14.796(2), b = 22.444(6), ¢ =
27.7208) A, ¥ = 9205.03 A3, and space group P2,2,2].
Collected data were examined using the software package
CHECKCELL,P" and the unit-cell parameters refined to a
= 14731, b = 22476, and ¢ = 27.714 A (volume =
9176.3 A3), using 33 reflections for the CELREF subrou-
tines.3? By cross-examining the collected powder XRD
pattern with the refined cell parameters, the space group of
P2,2,2, for the inclusion compound 6 was unambiguously
confirmed using CHECKCELL.

The modelling of compound 6 using FOX2%2!1 started
by assuming that the interactions between the guest
[CpMo(CO);CI] and the host TRIMEB molecules are
mainly weak (van der Waals and hydrogen-bonding interac-
tions) and mediated by close-packing principles. We as-
sumed that the molecular geometries of the individual
molecules remain relatively unchanged upon interaction to
form the inclusion complex. In this case, FOX is particu-
larly robust as individual molecules can be added as mathe-
matical objects in the form of a Fenske-Hall Z-matrix, thus
retaining some tacit knowledge of their geometry for the
optimisation algorithm. Moreover, as the guest molecule
contains a heavy atom (Mo), whose electron density con-
trasts well with the smeared-out density coming from the
organic component, we assumed that the crystallographic
position of [CpMo(CO);Cl] would be easily determined
from the powder XRD pattern.

Firstly, the atomic coordinates of [CpMo(CO);Cl] were
taken from the structure reported by Bueno et al. (de-
posited in the CSD with the refcode CPDMOCO01),1*3 and
a Fenske—Hall Z-matrix (without hydrogen atoms) was cre-
ated using BABEL.[3¥ The pivot atom was selected to be
the central Mo in order to facilitate the mobility of the rigid
molecule inside the unit cell. A Monte Carlo optimisation
(using the optimised parallel tempering algorithm), in
which the parameters of the Z-matrix were fixed (i.e., the
molecule was treated as a rigid body), was launched in FOX
and, after nearly 1,300,000 movements, the initial location
of the crystallographically independent [CpMo(CO);Cl]
complex was found (calculated weighted residual of R,,, =
0.412). Starting from random initial positions, individual
optimisations converged to nearly the same final crystallo-
graphic location, with comparable R,,, factors. Figure 4 (b)
shows the simulated powder XRD pattern for the hypothet-
ical unit cell containing just the [CpMo(CO);Cl] complexes.

In the next stage of the global optimisation, the position
of the [CpMo(CO);Cl] moieties was fixed and a second
crystallographic object composed of a Fenske-Hall Z-
matrix (also without hydrogen atoms) of the cyclodextrin
TRIMEB, as reported by Mentzafos et al.,l*8! was added to
the unit cell. In the subsequent Monte Carlo optimisation
steps using FOX (once again using the more efficient parallel
tempering algorithm), the PINMAA residue was allowed to

Eur. J. Inorg. Chem. 2006, 16621669



Inclusion Compounds of Cyclopentadienyl Metal Carbonyl Complexes

FULL PAPER

T
o K

26 (degrees)

Figure 4. Powder XRD patterns of: (a) the as-synthesised inclusion
compound TRIMEB:[CpMo(CO);Cl] (6), (b) the unit cell contain-
ing just the individual [CpMo(CO);Cl] complexes and (c) the hypo-
thetical structural model for the inclusion compound 6.

freely move as a rigid body and, after just four million
moves, the model converged to that shown in Figure 5. Fig-
ure 4 (c) shows the simulated powder XRD pattern with a
calculated weighted residual of Ry, = 0.386. Apart from
the general low crystallinity of the inclusion complex, the
powder pattern is also affected by textural effects such as
preferred orientation. To minimise such effects a refineable
March-Dollase correction!>*¢ was applied in FOX. The
model obtained using the Monte Carlo optimisation clearly
proves the existence of a true inclusion complex, with the

final convergence being achieved without the use of any
antibump restraints. Since this model was obtained by treat-
ing the molecules as rigid entities, some groups of atoms
are closer together than they would be in a real crystal
structure. This is particularly evident for the methyl groups
of TRIMEB, which, in some cases, nearly overlap. Such
“structural errors” could be eliminated by performing a
Rietveld refinement in the present model. However, as high-
resolution powder XRD data were not available due to the
low crystallinity of the material, and probably could only be
obtained using synchrotron radiation, preliminary studies
using FULLPROF!?7! did not produce the expected results
(data not shown).

Thermogravimetric analysis was also useful for the re-
cognition of inclusion complex formation in compounds 3—
6 (Figure 6). The B-CD adducts B-CD-[CpFe(CO),Cl] (3)
and B-CD+[CpMo(CO);Cl] (5) exhibit a step from room
temperature up to about 65 °C, assigned to the removal of
water molecules located in the B-CD cavities, and also in
the interstices between the macrocycles. The corresponding
weight losses are 10.7% for 3 and 6.2% for S, which are in
agreement with the microanalysis results and indicate that
the approximate number of water molecules per B-CD
molecule in 3 and 5 are eight and six, respectively. For com-
parison, plain B-CD hydrate shows a similar well-defined
step from room temperature up to about 80 °C (not shown),
with a mass loss of 14.6% (11 water molecules per B-CD
molecule). The reduction in the number of water molecules

Figure 5. Unit cell contents, viewed in perspective towards the (1 7 0) plane, of the Monte Carlo optimised structural model of the
inclusion compound TRIMEB-[CpMo(CO);Cl] (6). TRIMEB and [CpMo(CO);Cl] residues are represented with grey- and black-filled

bonds, respectively.
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per B-CD molecule in the inclusion compounds is consis-
tent with at least partial occupation of the B-CD cavities by
the hydrophobic organometallic guests. After the dehy-
dration step, the TG curves for 3 and 5 are very similar.
There is a gradual mass loss in the temperature range of
65-200 °C (7.8% for 3 and 9.8% for 5), attributed to the
loss of CO and/or Cl ligands from the included guest mole-
cules (since plain B-CD hydrate exhibits insignificant mass
loss in the temperature range of 80-200 °C). The corre-
sponding steps for the non-included complexes 1 and 2 are
much more abrupt (not shown): 16.3% between 90 and
120 °C for 1, and 23.6% between 100 and 160 °C for 2.
Finally, the host molecules in the two inclusion compounds
start to decompose at about 205 °C, while plain B-CD hy-
drate starts to decompose around 270 °C. This difference is
attributed to the promoting effects of iron and molybdenum
on the decomposition of B-cyclodextrin, and is further evi-
dence for the existence of a significant host—guest interac-
tion in the inclusion compounds.'”) A similar result was
obtained for the TRIMEB inclusion compounds
TRIMEB-[CpFe(CO),Cl] (4) and TRIMEB:[CpMo(CO);-
Cl] (6). Thus, while pure TRIMEB starts to melt and de-
compose at about 175 °C (not shown), compounds 4 and 6
start at 135 and 150 °C, respectively (Figure 6). In the low-
temperature range of the thermogram compound 6 exhibits
a weight loss between 75 and 130 °C (2.8%), presumably
due to the partial loss of CO and/or CI ligands from the
included guest molecules. No such step is evident for com-
pound 4, and only a minor mass loss of about 1% is ob-
served from room temperature up to the onset of decompo-
sition. Finally, it is worth noting that the residual masses at
500 °C are 6.1% for the inclusion compounds containing
the Fe complex and 9.5% for the compounds containing
the Mo complex.

100 ~rmssomns o

Mass (%)

T T T T 1
100 200 300 400 500

T(°C)
Figure 6. TGA curves of the inclusions compounds -
CD:[CpFe(CO),Cl] (3) (——), TRIMEB:[CpFe(CO),Cl] (4)
-, B-CD-[CpMo(CO);Cl] ©)) = and

TRIMEB-[CpMo(CO);CI] (6) (- - - ).
The 3C{'H} CP/MAS NMR spectra of complexes 1 and

2, and their corresponding inclusion compounds with f-CD
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and TRIMEB, are shown in Figure 7 for the [CpFe(CO),-
Cl] series and in Figure 8 for the [CpMo(CO);Cl] series.
Plain B-CD hydrate exhibits a complex *C{'H} CP/MAS
NMR spectrum (not shown), with multiple sharp reso-
nances for each type of carbon atom. These features have
been correlated with different torsion angles about the
a(1—4) linkages,[*¥] and with torsion angles describing the
orientation of the hydroxy groups.*! Upon inclusion to
give B-CD-[CpFe(CO),Cl] (3) and B-CD-[CpMo(CO);Cl]
(5), the resonances due to the C1, C4, C2,3,5, and C6 host
carbon atoms (Figure 1) appear mainly as single broad
peaks, with little or no structure, centred around ¢ = 104,
81, 73, and 61 ppm, respectively. Furthermore, the disper-
sion in the chemical shift for each signal (i.e., the chemical-
shift range that comprises all of the resonances from the
same carbon atom in distinct glycosidic units) decreases
with respect to the B-CD spectrum. These observations are
typically attributed to a symmetrisation of the -CD macro-
cycle, that is, the encapsulation of the guest molecule
induces the ring to adopt a less distorted conformation,
with each glucose unit in a more similar environ-
ment,[36:3L40.7d. 1112401 For the inclusion compound 3 (Fig-
ure 7), the Cp carbon atoms of the guest molecule give rise
to one weak resonance at 6 = 89.2 ppm, which is shifted
downfield by 2.5 ppm relative to the resonance for non-in-
cluded [CpFe(CO),Cl] (1). The Cp carbon atoms of the mo-

C2,3,4
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C35,6
0-CH,
C1
© /\ J
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23,5
C1
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Figure 7. Solid-state '*C{'H} CP/MAS NMR spectra of (a)
[CpFe(CO),CI] (1), (b) the inclusion compound B-CD-[CpFe-
(CO),C1] (3) and (c) the inclusion compound TRIMEB-[CpFe-
(CO),CI] (4). Spinning sidebands are denoted by asterisks.
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lybdenum complex in 5 give rise to two resolved peaks at
0 = 94.8 and 96.1 ppm, which are shifted slightly upfield
relative to the sharp line exhibited by non-included
[CpMo(CO);Cl] (2) (Figure 8). The presence of two peaks
may mean that there are two distinct inclusion modes for
the guest molecule, comprising, for example, different orien-
tations of the guest relative to the host and/or different de-
grees of penetration of the guest in the host cavity.

C23.4
C5.6
Cl *O—CH_;
© ’k
€235
Cl
(b) e
AV
Cp
(a) %
*
N _J
200 160 120 80 40

S (ppm)

Figure 8. Solid-state '>C{'H} CP/MAS NMR spectra of (a)
[CpMo(CO);CI]  (2), (b) the inclusion compound f-
CD-[CpMo(CO);CI] (5) and (c) the inclusion compound
TRIMEB-[CpMo(CO);Cl] (6). Spinning sidebands are denoted by
asterisks.

Like plain B-CD hydrate, the '3*C{'H} CP/MAS NMR
spectrum of TRIMEB also shows multiple resonances for
each type of carbon atom (not shown).?’! This is because
the host assumes a severely collapsed conformation in the
solid state, which minimises the hydrophobic cavity in the
absence of a hydrophobic guest. This multiplicity is lost for
the inclusion compound TRIMEB:[CpFe(CO),Cl] (4) and
only broad peaks are observed, indicating a change in
the conformation of the host macrocycle (Figure 7).27:41]
The  spectrum  for  the inclusion compound
TRIMEB-[CpMo(CO);Cl] (6) is slightly different, exhibit-
ing several resolved lines for each type of carbon atom (Fig-
ure 8). This could be related to the fact that the overall crys-
tallinity of compound 6 is higher than that for compound
4, as evidenced by powder XRD. For compound 6, at least
seven resonances are discernible for the methyl carbon
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atoms, indicating that these groups exist in several different
well-defined environments. The expected Cp resonances for
the guest molecules in compounds 4 and 6 cannot be confi-
dently assigned due to overlap with the resonances for the
C1 carbon atoms of the host. Also, for all of the inclusion
compounds studied, even with a contact time of 2 ms, it
was not possible to clearly identify the resonances (masked
in the background) for the CO groups of the guest mole-
cules. The presence of these groups was confirmed by IR
spectroscopy. Thus, in addition to the intense and typical
bands of the cyclodextrin hosts, the spectra contain strong
bands in the CO stretching region (1940-2060 cm™'). As ex-
pected, two bands are observed for compounds 3 and 4,
while three bands were identified for compounds 5 and 6.
These are slightly shifted relative to the corresponding
bands for the non-included complexes 1 and 2 in the solid
state. The spectra for the inclusion compounds also contain
bands in the range 800-850 cm™' (out-of-plane CH defor-
mation of the Cp ring) and 1420-1430 cm™!' (C—C stretching
vibration of the Cp ring).

Concluding Remarks

Inclusion compounds comprising cyclodextrins and half-
sandwich complexes of iron and molybdenum have been
prepared with a 1:1 host-to-guest stoichiometry and charac-
terised in the solid state by various techniques. The results
support the existence of true inclusion compounds. By ref-
erence to previous molecular modelling and crystallo-
graphic studies of related organometallic—cyclodextrin ad-
ducts, it is reasonable to conclude that the interaction ge-
ometries in the studied compounds probably involve inser-
tion of the Cp ligands inside the host cavities. The ab initio
determination of a hypothetical structural model for the in-
clusion compound TRIMEB-[CpMo(CO);Cl] using X-ray
studies in direct space has afforded a reliable structural
model which is, on the one hand, in good agreement with
the results obtained using the other techniques (such as
TGA and solid-state NMR) and, on the other, a systematic
implementation of the empirical technique previously de-
scribed by Caira.l'”l The low crystallinity of the sample un-
der study, largely reflected in the generally poorly resolved
powder XRD pattern, prevents a more precise structural
refinement. However, we are currently applying the strate-
gies described in this manuscript to other more crystalline
cyclodextrin inclusion compounds. As mentioned in the in-
troduction, oxidative decarbonylation of [CpMo(CO);Cl]
yields a dioxomolybdenum(vi) complex which is an active
catalyst for the epoxidation of olefins. We are investigating
the effect that CD encapsulation has on the reactivity of
the tricarbonyl complex towards oxidative decarbonylation,
that is, the possibility of forming a CD:[CpMoO,Cl] com-
plex. Molecular encapsulation of the tricarbonyl complex
with TRIMEB may be advantageous in several ways from
a catalytic point of view, such as enhancing the solubility
of the pre-catalyst in different solvents, and improving the
stability of the resultant dioxomolybdenum(vi) complex.
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Experimental Section

General Remarks: -CD was kindly donated by Laboratoires La
Roquette (France), and heptakis-2,3,6-tri-O-methyl-B-CD was ob-
tained from Fluka. All air-sensitive operations were carried out
using standard Schlenk techniques under nitrogen. Solvents were
dried by standard procedures, distilled under nitrogen or argon,
and kept over 4-A molecular sieves. Microanalyses for CHN were
performed at the ITQB, Oeiras, Portugal (by C. Almeida), and Fe/
Mo were determined by ICP-OES at the Central Laboratory for
Analysis, University of Aveiro (by E. Soares). TGA studies were
carried out using a Shimadzu TGA-50 system at a heating rate of
5°Cmin ! under air. Powder XRD data were collected at ambient
temperature on an X'Pert MPD Philips diffractometer (Cu-K, X-
radiation) with a curved graphite monochromator. Routine exami-
nation of compounds 1-6 was performed with quick scans with
variable slit opening (Figures 2 and 3). Data for the structure op-
timisation (Figure 4) were collected with a fixed divergence slit of
1/8°, and a flat plate sample holder, in a Bragg-Brentano para-
focusing optics configuration. Intensity data were collected by the
step counting method (step 0.03° and time 35 s) in the 5° = 20 =
45° range. Infrared spectra were recorded with a Unican Mattson
Mod 7000 FTIR spectrophotometer. '*C{'H} CP/MAS NMR
spectra were recorded at 125.72 MHz on a (11.7 T) Bruker Avance
500 spectrometer, with an optimised n/2 pulse for 'H of 4.5 ps, 2-
ms contact time, a spinning rate of 7 kHz and 12-s recycle delays.
Chemical shifts are quoted in parts per million from tetramethylsil-
ane. The complexes [CpFe(CO),Cl] (1) and [CpMo(CO);Cl] (2)
were prepared as described in the literature,*?! and characterised
by elemental analysis and FTIR spectroscopy.

B-CD-|CpFe(CO),Cl] (3): A solution of B-CD (110 mg, 0.09 mmol)
in water (2mL) at 70 °C was added dropwise to a solution of
[CpFe(CO),CI] (1; 20 mg, 0.09 mmol) in ethanol (1 mL), and the
resultant brick-red solution was stirred for 30 min. After cooling
slowly inside a Dewar flask, an orange microcrystalline precipitate
was formed, which was separated from the mother liquor and
dried. (C4,H70035)"(C;H5CIFeO,)-8H,0 (1491.5): caled. C 39.46,
H 6.15, Fe 3.74; found C 39.52, H 6.54, Fe 3.31. TGA up to 65 °C
revealed a sample weight loss of 10.7% (calcd: for loss of 8§ H,O,
9.7%). FTIR (KBr): v = 3375cm! vs, 2967 sh, 2925 m, 2040 s,
1995's, 1639 m, 1429 m, 1370 m, 1334 m, 1305 m, 1245 w, 1206 w,
1157s, 1103's, 1080s, 1054 vs, 1027 vs, 1003 vs, 945 m, 937 m,
860 m, 841 m, 836 m, 757 m, 703 m, 669 m, 606 m, 635 m, 592 m,
576 m, 542 sh, 504 w, 476 m, 442w, 412 m, 355w. 3C{'H} CP/
MAS NMR: ¢ = 104.2 (B-CD, C1), 89.2 (guest, Cp), 81.0 (B-CD,
C4), 73.0 (B-CD, C2.3,5), 61.3 ppm (B-CD, C6).

TRIMEB:-[CpFe(CO),Cl] (4): A solution of TRIMEB (1.55g,
1.08 mmol) and [CpFe(CO),Cl] (1; 230 mg, 1.08 mmol) in a mix-
ture of water and ethanol (10 + 10 mL) was stirred for 1 h. The
solution was then evaporated to dryness to give an orange solid.
(Ce3H112035)+(C7H;5CIFeO,):2H,0 (1678.0): caled. C 50.11, H 7.27,
Fe 3.33; found C 50.00, H 6.08, Fe 3.34. FTIR (KBr): v =
3480 cm™! m, 2984 s, 2931 s, 2841 m, 2050 s, 2004 s, 1792 w, 1751 w,
1717m, 1623 m, 1418 sh, 1460 m, 1404 sh, 1368 m, 1324 m,
1304 m, 1196sh, 1164vs, 1141vs, 1107 vs, 1087 vs, 1071 vs,
1035 vs, 968 s, 950 sh, 937 s, 907 m, 857 m, 785 vw, 755 m, 706 m,
605 m, 596 w, 567 m, 548 m, 470 vw, 376 vw, 348 m. 3C{'H} CP/
MAS NMR: 0 = 99.7 (TRIMEB, Cl), 82.4 (TRIMEB, C2,3,4 and
overlapping guest Cp), 71.3 (TRIMEB, C5,6), 58.1 ppm (TRIMEB,
0O-CHs).

B-CD-|CpMo(CO);Cl] (5): A solution of [CpMo(CO);Cl] (2; 32 mg,
0.12 mmol) in dichloromethane (1 mL) was added to a solution of
B-CD (150 mg, 0.12 mmol) in water (4 mL) at 40 °C, and the result-
1668
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ant biphasic mixture was stirred for 2 h. During this period, a pale
brick-red precipitate formed at the interface between the two solu-
tions. The solid was recovered, washed with dichloromethane
(2 mL) and water (10 mL), and dried. (C4,H7(035)(CsgHsMo0O5Cl)-
6H,0 (1523.6): calcd. C 39.42, H 5.76, Mo 6.30; found C 39.50, H
6.03, Mo 5.45. TGA up to 65 °C revealed a sample weight loss of
6.2% (caled: for loss of 6H,0, 7.1%). FTIR (KBr): v = 3345 cm™!
vs, 2923 s, 2853 sh, 2044 s, 1968 s, 1944 s, 1642 m, 1426 m, 1380 m,
1369 m, 1334 m, 1248 m, 1202 m, 1157, 1104s, 1082s, 1055 vs,
1028 vs, 1004 s, 945 m, 937 m, 860 m, 837 sh, 827 w, 759 m, 703 m,
606 m, 594 m, 576 m, 528 m, 499 vw, 474 w, 445 w, 435 w, 407 m,
404 sh, 378 vw, 359 m, 358 sh. 13C{'H} CP/MAS NMR: 6 = 104.0
(B-CD, C1), 96.1, 94.8 (guest, Cp), 81.5 (B-CD, C4), 73.0 (B-CD,
C2.3,5), 60.6 ppm (B-CD, C6).

TRIMEB-[CpMo(CO):;Cl] (6): [CpMo(CO);Cl] (2; 29.4 mg,
0.12 mmol) was added stepwise to a solution of TRIMEB (150 mg,
0.12 mmol) in dichloromethane (3 mL), allowing each fraction to
dissolve before adding the next. The mixture was stirred for 2 h
and then evaporated to dryness under reduced pressure to obtain a
bright brick-red solid product. (Cg3H;1,055)-(CsHsMo0O5Cl)-5H,0
(1800.1): caled. C 47.37, H 7.11, Mo 5.33; found C 47.93, H 7.55,
Mo 5.36. FTIR (KBr): ¥ = 3112 cm™' m, 3101 m, 3094 m, 2979 vs,
2929 vs, 2831 s, 2050 vs, 1962 vs, 1941 vs, 1641 m, 1464 s, 1420 sh,
1404 m, 1368 m, 1322m, 1303 m, 1258sh, 1194vs, 1161 vs,
1143 vs, 1109 vs, 1090 vs, 1073 vs, 1041 vs, 970 vs, 951's, 910 m,
877 sh, 856 m, 838 w, 824 m, 785w, 754 m, 736 m, 704 m, 658 w,
602 m, 564s, 524, 470 m, 432w, 419 sh, 407 m, 399 sh, 377 w,
357w, 350 w. BC{'H} CP/MAS NMR: 5 = 99.8, 96.9, 92.8
(TRIMEB, C1), 85.5, 83.1, 82.3, 81.0, 78.6, 76.8 (TRIMEB,
C2,3,4), 73.6, 72.6, 71.8, 70.6, 70.3, 69.8 (TRIMEB, C5,6), 63.2,
61.6, 60.9, 60.1, 59.3, 57.8, 56.7, 54.1 ppm (TRIMEB, O-CHj).
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